INTRODUCTION
HSP70 is a member of a family of proteins whose transcription is stimulated in response to heat shock, oxidation, and other stresses in eukaryotes and prokaryotes (1, 2) . Upon association, HSPs alter the folding of some proteins and often enhance their biological functions (3) . In general, the chaperone functions of HSPs improve cellular responses to stress. HSP70 is an ATPase and plays a role in the transport of certain proteins within the cell (4) . Although HSP70 helps protect cells against oxidative stress, it is unclear how it functions in this role (3) .
Base excision repair (BER) is a major repair pathway and is responsible for correcting much of the DNA damage caused by ionizing radiation and reactive oxygen species. Much of the core enzyme machinery involved in BER has been described, however the regulation and coordination of BER with other cellular processes is not well understood. HAP1 (also known as Ape1 and Ref-1) is the first enzyme in the BER pathway that is utilized to repair most if not all of the types of damage acted on by this process. Thus, it is a good candidate for a target of regulation.
We previously reported that human HSP70 could bind to HAP1 as determined by affinity chromatography and hydroxyl radical footprinting (5). Here we confirm the association using immunoprecipitation and electrophoretic mobility shift assays.
HSP70 also markedly enhanced the specific endonuclease activity of HAP1. This report and our previously reported results (5) are the first indication of a role for HSPs in BER in human cells. 
EXPERIMENTAL PROCEDURES
Materials -Recombinant human HAP1 (6x His-tagged) was expressed in E.
coli and purified to apparent homogeneity. The HAP1 expression plasmid was a kind gift from Dr. Ian Hickson (University of Oxford, UK). Purified human uracil-DNA glycosylase, UDG∆84, a recombinant enzyme lacking 84 amino acids at the Nterminus, was a generous gift from Dr. G. Slupphaug (UNIGEN, University of Trondheim, Norway). Recombinant human HSP70 and rabbit antiserum against HSP70 were purchased from StressGen (Victoria, BC, Canada). Rabbit IgG against HAP1 was from Santa Cruz Biotechnology (Santa Cruz, CA). Bovine serum albumin was obtained from Sigma. USB T4 polynucleotide kinase and [γ- Samples were electrophoresed on a 7.5% polyacrylamide-SDS gel for ~2 7 that was omitted from the immunoprecipitation reaction. For Western blot immunostaining, anti-HSP70 (rabbit antiserum) was used at 1/20,000 and the secondary antibody (donkey anti-rabbit) was used at 1/10,000.
Electrophoretic Mobility Shift Assay -Electrophoretic mobility shift assays were performed using HAP1, HSP70, and a double-stranded 30 bp oligonucleotide containing a single uracil 12 nucleotides from the 5'-terminus of the top strand: 'sticky' since it did not appreciably bind to and precipitate with the protein A Sepharose and anti-HAP1 antibody when HAP1 was not present (Fig. 1, lane 5) .
Anti-HSP70 precipitated HSP70 when present (Fig. 1, lanes 2 and 3) as expected.
Surprisingly, however, more HSP70 was pulled down in the presence of HAP1 than in its absence. It is possible that the binding of HAP1 to HSP70 alters the conformation of the latter protein to make it more accessible to the antibody. These results are consistent with our previous findings of an HSP70-HAP1 association as detected by affinity chromatography and hydroxyl ion footprinting (5). (Fig. 2B, lane 3) .
HSP70-and HAP1-dependent
The fact that this complex exhibited the same mobility in the presence or absence of HSP70 suggests that HSP70 promotes the formation of a HAP1-DNA complex but does not remain part of that complex. Consistent with this interpretation, immunoblot studies indicated the presence of HAP1 and the absence of HSP70 in the shifted complex (data not shown). We also found that incubation of an APoligonucleotide with very high levels of HAP1 led to formation of a substantial amount of HAP1-DNA complex. Other investigators have previously observed retardation of oligonucleotides with AP sites when incubated with HAP1 alone (7, 8) . The data presented here demonstrate that HSP70 markedly increases the amount of HAP1-DNA complex formed. We found that HSP70 itself exhibited no detectable affinity for DNA containing AP sites or nicks in mobility shift assays. Since HSP70 is a known ATPase, the effect of ATP on the assay was also examined.
ATP did not affect the HSP70-dependent formation of HAP1-DNA complex (Fig. 4) .
Stimulation of HAP1 Endonuclease Activity by HSP70 -We found that an
important consequence of the interaction between HSP70 and HAP1 was enhanced endonuclease activity of HAP1 at AP sites (Fig. 5) . The substrate for HAP1 was plasmid DNA containing abasic sites (~1 AP site per plasmid). HAP1 nicking at AP sites was detected by the conversion of covalently closed circular DNA to a slower migrating, nicked circular form in agarose gels containing ethidium bromide.
HSP70 markedly stimulated HAP1 activity, whereas HSP70 by itself exhibited no AP endonuclese activity (Fig. 5A) . Quantitation of these results indicates that HSP70 caused a 10-to 100-fold enhancement of HAP1 activity (Fig. 5B) . Bovine serum albumin did not alter the nicking ability of HAP1 (data not shown). In This might be related to common structural features in the HSPs. HSP70 did not stimulate the endonuclease activity of the E. coli AP endonuclease IV protein, indicating a specificity in the interaction between human HSP70 and HAP1.
A single stranded DNA binding protein was required for human DNA excision repair (10) and molecular chaperonins have been implicated in nucleotide excision repair in E. coli (11, 12) . Therefore, a role for accessory proteins in BER was not entirely unexpected. From data provided here, HSP70 appears to be an accessory protein involved in BER in human cells.
The mechanisms by which HSP70 enhanced attachment of HAP1 to AP sites in DNA and enhanced its enzymatic attack are not understood. Furthermore, the steps by which HAP1 itself interacts with AP sites in DNA are complex. Recent results from Demple and coworkers have greatly clarified these steps by demonstrating that HAP1 has a high affinity for incised abasic sites and that the incised DNA product acts as a competitive inhibitor for HAP1 (7, 8) . Relief of the 12 inhibition by DNA polymerase β was demonstrated. HSP70 might also relieve product inhibition. Alternatively, HSP70 may alter the configuration of HAP1 to a more active one. The continued binding of HSP70 to HAP1 seems not to be required once the correct enzyme placement occurs at the AP site.
The interaction of HSP70 and HAP1 could have broad implications for understanding how BER works in human cells. The enhancement of DNA repair in E. coli by induction of Dna K/J synthesis (12) , and heat shock enhancement of DNA repair and resistance to oxidative damage in pancreatic islet cells (13, 3) may be related to the specific DNA repair activity of HAP1 described in this report. by guest on August 31, 2017
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